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Abstract 



O , We analyze LEP and SLC data from the 1995 Summer Conferences as well as from low 
energy neutral current experiments for signals of new physics. The reasons for doing this 
i. ■ are twofold, first to explain the deviations from the standard model observed in i?^ and 
;h ' Rc and second to constrain non-standard contributions to couplings of the Z" boson to all 
fermions and to the oblique parameters. We do so by comparing the data with the Standard 
Model as well as with a number of test hypotheses concerning the nature of the new physics. 
These include non-standard Zbb-, Zee- and Zss-couplings as well as the couplings of the 
to fermions of the entire first, second and third generations and universal corrections 
to all up- and down- type quark couplings (as can arise e.g. in Z' mixing models). We find 
that non-standard Zhh couplings are both necessary and sufficient to explain the data and 
in particular the Rh anomaly. It is not possible to explain R},, Rc and a value of the strong 
coupling constant consistent with low energy determinations invoking only non-standard 
Zhb- and Zcc-couplings. To do so one has to have also new physics contributions to the 
Zss or universal corrections to all Zqq couplings. 
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1. Introduction 



The high precision measurements performed at LEP [1] and SLC [2] and earlier on 
at lower energies [3] [4] [5] [6] [7] [8] , probing the neutral current interactions of the standard 
model (SM), have for a long time not shown evidence for new physics. On the contrary, in 
the course of time their agreement with the SM has become more and more precise, down 
to a level where even weak radiative corrections had to be included into the theoretical 
predictions for the observables. This sensitivity to lowest order weak corrections eventually 
led to a prediction for the top mass well in agreement with direct observations at CDF 
and DO [9] ; all in all a stunning success and at the same time a frustrating experience for 
physicists who work in a field where new discoveries are scarce. 

Luckily, within the most recent period of LEP I data analysis an interesting situation 
has emerged. There is for the first time a statistically significant indication for physics 
beyond the standard model. The deviation, a surplus of bottom quarks produced in 
decays, has been there for some time but has never been large enough to warrant the effort 
of further investigation. This has changed however with the inclusion of 1994 data. Rh-, 
the width of the Z°-boson to b quarks normalized to the total hadronic width, now lies 
some 3.7cr above the SM prediction [1]. This is not all the news however. Whereas i?b 
increased, i?c, the width to charm quarks (normalized in the same way), decreased to be 
about 2.5cr below its SM value. Although this deficit of c quarks can still be viewed as 
a mere statistical fiuctuation it allows additional statements about the nature of possible 
new physics when contrasted with i?^. 

Given these exciting news people have begun to wonder at what kind of new physics 
could explain these deviations. The aim of this letter is to help them facilitate their tasks, 
by providing an analysis of the data in terms of an effective lagrangian [6] that serves 
to parametrize the indirect effects of heavy new physics. Using an effective lagrangian 
as a means of characterizing physics beyond the SM has three main advantages: (i) it 
is relatively model independent, (ii) re-expresses the results of high precision electroweak 
measurements in terms of quantities that are more straightforward to compute within a 
given explicit model, thus serving as a kind of interface between theory and experiments, 
and (iii) it approaches the problem with a minimal set of assumptions about the nature of 
the new physics. 

This letter also updates an earlier analysis [10], which was based on winter 1995 LEP 
data releases. Given the significant changes since, a fresh and new analysis is not only 
justified, it also allows the drawing of new conclusions. 

This note is organized as follows: The next section reviews briefiy the effective la- 
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grangian that has been derived in [6] and is used here. In section three we discuss the 
observables we use in our fits, the results of which are being presented in section four 
where we compare and analyze different hypotheses as to the nature of the new physics. 
Finally, most of the results are concisely summarized in tables for quick reference. 

2. The effective lagrangian and parameter counting 

We parametrize the indirect effects of heavy new physics in terms of the effective la- 
grangian derived in [6] . In doing so we consider all potential operators up to and including 
dimension four. These describe non-standard contributions to the neutral current cou- 
plings, the charged current couplings and to the gauge boson self-energies -"^ . Not including 
higher dimensional operators, such as four fermion contact interactions, is a shortcoming 
of this analysis. Such terms are however likely to be suppressed, compared to lower di- 
mensional terms, by powers of the typical scale of the new physics. Also, to be seen at 
LEP I or SLC they would have to compete against Z°-resonance amplitudes. This general 
approach allows us to compare a large variety of different new physics scenarios with the 
data, while at the same time invoking a minimal amount of theoretical prejudice. 

We define the effective contributions to the neutral current couplings through 

>c^ff = - ^^f-r [{gl + Sgl) 7- + {gl + SgQ 7^] ^fZ^, (1) 

where the SM couplings g[ and (7^ are defined in terms of the quantum numbers of the 
corresponding fermion (/): g[ = l[ — s^j and gt. = —Q^s^, with being the weak 
isospin, Q the electric charge and the sine of the weak mixing angle. We consider here 
only flavor diagonal couplings, flavor violating ones being already stringently constrained 
(see e.g. [6]). 

Similarly one can write down an effective charged current interaction, with 5h-'^ and 
f f' 

6hj^ denoting the nonstandard contributions to the couplings, which are normalized such 
that the SM coupling of the W boson to leptons is h)^ — ^ff- 

New physics contributions to gauge boson self energies flnally can be conveniently 
parametrized in terms of the well known Peskin-Takeuchi parameters S, T and U [11]. 

Using this parametrization, observables can now easily be expressed in terms of their 
SM expression and a new physics correction, linearized in Sgl^n, Shl^ji and S, T and U [6]. 

Such non-standard couplings can emerge e.g. when as yet undiscovered new particles give rise to 
additional radiative corrections to SM vertices or gauge boson self-energies. 
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In this letter we will focus only on neutral current scattering processes, since that 
is where the deviations from the SM have been reported. Inclusion of charged current 
observables is straightforward, but does not add much to resolve the Rb anomaly. At first 
glance it appears therefore that we need only consider the nonstandard neutral current 
couplings 5g[^ji as well as S and T ^ . Two specific combinations of the nonstandard 
charged current couplings however do enter the analysis , through contributing to some 
of the input quantities that are needed to derive the observables SM predictions. In the 
case of Z°-pole data it is the Fermi coupling Gp, measured in muon decay, that is used 
together with the Z° mass and the fine structure constant a as an input. In low energy 
neutrino-electron and neutrino-nucleon scattering the Shl-^ji enter because these processes 
are being normalized to their charged current counterparts. 

At the end of the day this means that we have to consider the following two com- 
binations of non-standard charged current couplings when analyzing neutral current data 
[6]: 

A = Ae + 



A^^^Ae-A,+.^^^^^«')' A,^JJ2\5,f + 5hl^f\--l (2) 



\Vud\ 



Here Vud is a CKM matrix element. When linearized in the non-standard charged current 
couplings the Af become A/ f« Re {5h!2^). 

Using values for e and in eq.(l) that are inferred from the input observables a and 
Gp assuming only SM physics redefines parameters Sgl^n such as to incorporate 5, T and 
A [6]: 

= ^(«^ - ^) - - slcl {aT - A)] + Sgi, (3) 

where the Sgl^^ are the actual vertex corrections that come about when integrating out 
the new physics, so that the Sgi^u already account for oblique corrections. From this it 
becomes clear that in any neutral current process, as long as Gp is used as an input, 
only one linear combination of T and A, namely T — A/a, can be constrained whereas 
nothing can be said about the other one. So when we speak of T in the analysis following 
below, we actually mean this combination. Similarly, because non-standard couplings to 
strange quarks enter the neutral current observables only via their contribution to the total 
hadronic width of the Z° boson, Fhad, they cannot be individually constrained. Instead 



U, representing a correction to the W self energy, is not being constrained by neutral current processes. 
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we can only put limits on the following combination: 

Ss = glSgi + q'Mh (4) 

This leaves us with a set of 18 new-physics parameters: {5gi^ii,5s,S,T,/S^^} with / = 
e, /i, T, M, c, h. When analyzing the data we will subject these parameters to various 
constraints, reflecting different hypotheses about how the new physics dominantly couples. 

If one were to consider, for example, new physics that only couples to the third 
generation at tree level, it's contributions to first and second generation Z^ff couplings 
would be highly suppressed, so that one can restrict the analysis to Sg^ j^,gl j^,S and T 
while constraining the other parameters to be zero. 

3. The Observables 

Before embarking to analyze the data in terms of the new physcis parameters described 
above, we first have a look at the various observables we consider. By cleverly looking at 
how these observables are linked it is possible to derive some conclusions about the nature 
of the new physics without having to refer to the power of an effective lagrangian. These 
statements will be quantified in the next section, where we actually discuss the fits, and 
in the tables. 

Table I shows all the observables considered in the present analysis. It is divided into 
three sections the uppermost of which lists the Z^-pole observables of LEP and SLC [1][2]. 
The next part of table I displays the low-energy neutral current observables. They stem 
from atomic parity violation measurements in Cesium [3], weak electromagnetic interfer- 
ence effects in e-D experiments [4] , neutrino-electron [5] and deep inelastic neutrino- nucleon 
scattering [6] . Correlations between all these observables [1] [7] are not displayed in this 
table, but have been taken into account. The lowest segment of table I finally shows the 
remaining input parameters, sin^ 9w as quoted here represents Fermis constant Gp from 
which it has been derived. In this whole analysis the Higgs mass has been fixed to a fiducial 
value of Mniggs = 300 GeV. 

The low-energy observables of table I only constrain non-standard contributions to 
first generation couplings and therefore serve no purpose in fits where these couplings are 
constrained to be zero. They have therefore not been included, with two exceptions, to any 
of the fits described later on so that the present analysis is mainly an analysis of Z°-pole 
data. 

From a first glance at table I one sees that, with four exceptions, all of the observables 
are in perfect agreement with the SM. This is especially true for the ones representing 
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low energy experiments. The four exceptions are two asymmetry observables, A^g(r) and 
A^l^, as well as the two, by know well known, branching ratios to heavy quarks, Rb and 
Rc- 

Although A^g(r) and differ from their SM values by 2.0a and 2Aa respectively 
it is hard to account for them using only the indirect effects of new physics. This is easily 
seen through recalling their theoretical expressions, valid on resonance: 

Al, = Ae, Al, if) = ^A^Af where Af = ^-^jf^ (5) 

9l +9r 

So all the non standard couplings of our effective lagrangian can do is to alter the values of 
Af. Now Aj^jj measures Ae as do two other observables, AeiPr) and A^g(e), which agree 
well with the SM. It is therefore clear that this discrepancy cannot be explained by heavy 
new physics. All this approach can do is to alter the value of Ae such as to interpolate 
between the two extremes and thereby to reduce the of the fit a bit. The same happens 
with A^g(r). Being proportional to both Ae and Ar it calls for a deviation in one of 
these two quantities. At as inferred from the r polarization and angular distribution of 
r's, AriPr), is however again in excellent agreement with the SM. This inability of the 
effective lagrangian approach pursued here to fully explain the deviations in the asymmetry 
observables argues for either a type of new physics that is not covered by this formalism, 
or it is an indication for not well understood systematic efi'ects in the experiments. 

Turning now to the branching ratios, it is clear that any mechanism that solely in- 
creases r{Z^ bb), and hence Rb, also increases the total hadronic width, which in turn 
increses the leptonic branching ratios Ri — Thad/r;, pushing them away from their SM 
values. As has been recognized by several authors about a year ago [12], one way of com- 
pensating for that increase is to lower the value of the strong coupling constant, on which 
Rb does not depend^ . The value for ag so obtained is in agreement with low energy deter- 
minations. This in itself was a nice surprise, because as elaborated by Shifman [13] there 
is a qualitative difference between 'low' values for ag ~ 0.112 and high values as ~ 0.123, 
such as derived e.g. from SM fits to LEP data. As argued in [13] and [14] this is due 
to the success of QCD sum rules and operator product expansions in low energy QCD, 
which require a low value of the QCD scale A ~ 200 MeV {i.e. a low value for ag at the 
Z°-scale) and would fail for A ~ 500 MeV, corresponding to a large ag. This argument 
can, and has been, turned around by requiring ag to be small in fits of new physcis. For 

^ The QCD corrections to the quarkian decay widths r{Z'^ —^qq) are universal. Any dependence on the 
strong coupling constant therefore cancels out in ratios such as -Rb=r6/rhad. 
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instance, including this constraint, the apparently low deviation of Rb (around 2.4a) in 
Winter '95 data could be translated to a 3.5a deviation [10]. Also, since explaining i?c 
simultaneously with actually decreases Fhad, therefore demanding a very high value for 
as to compensate the damage done to the leptonic branching ratios, Rc has often been 
viewed as a mere statistical fluctuation [14] . One is of course free to do so, since the costs 
in when fitting for new physics are still bearable compared to those one would have 
to pay when not explaining Rf,. As will be shown in the next section there is however a 
loophole which allows one to explain Rc without having to refer to a high value for as- 

There are many independent low-energy determinations of the strong coupling con- 
stant (see e.g. [14]). In order to incorporate them in our fits we represent them through a 
'pseudo observable' 

a^^(Mz) = 0.112 ±0.003 (6) 

It should be cautioned however to take this value too literally. This is because the different 
determinations of as at low energies are subject to sometimes very different and partially 
unknown systematic errors [14]. We merely use the value quoted above to qualitatively 
discriminate between different sets of new physics. 

4. Fits and Discussion 

In this section we discuss the results of fitting various hypotheses, of how possible 
new physics might look like, to neutral current observables. To do so we use, in general, 
only Z°-polc observables, the low energy observables listed in table I being invoked only 
to constrain first generation couplings. In fits where the non-standard contributions to 
these couplings are constrained to vanish, low-energy observables would only improve on 
the total x^/d.o.f. therefore obscuring "bad" fits. On the other hand we always use the 
whole set of Z^-pole observables even if some of them might not constrain the new physics 
parameters allowed to vary, because that is where the deviations are observed. 

• (1) The SM fit: Table II displays the result of a standard model fit, where no new physics 
parameters are added, and only as and mt are allowed to vary. This fit serves both as a 
test of the reliability and as a point of reference for subsequent fits. The fact that four 
observables (and especially R^) deviate by two or more standard deviations from their 
respective SM value translates here into a very bad confidence level of only 1.2% for this 
fit^ . 

By confidence level (CL) we mean the value of a distribution with n—m degrees of freedom, where 
n is the number of observables and m denotes the number of parameters that are allowed to float. Under 
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• (2) Non-standard b-couplings: This fit is displayed in table III as well as in figure (1). 
Before we discuss it, first a few words of explanation for table III. It gives the results of 
a global fit, where both 5gf^ and ^gr^ are allowed to float and also shows how fit values of 
observables change in this case. Also, just by looking at the central values and error bars 
of g'l and (7^ a deviation of about 3.2a from (their SM value) is not obvious. This is 
because these two parameters are heavily correlated (0.83) which is reflected in a tilted 
error ellipsoid (see figure (1)). Because of this we also give the linear combinations of 
Sg^,Sg^ which are optimal in the sense that they diagonalize the variance matrix, i.e. are 
uncorrelated, as well as their central values and error bars. Finally the results of individual 
fits to both 6g^ and 6g^ are also given, mainly because many models that aim at explaining 
Rb through radiative corrections do so by changing either one coupling but not both. 

With the dominant discrepancy from the SM being in Ri, it is not surprising to see 
that allowing for non-standard b-couplings improves the fit considerably. Upon inspection 
of table III one sees that it is now Rc which lies farthest from its fit value, deviating 
by 2.3(7. Certainly something that can be viewed as a statistical fiuctuation and even 
be expected, given the number of observables. This is reflected in reasonable (albeit not 
excellent) confidence levels for these fits in the 15-20% range. Non-standard b-couplings 
therefore are sufficient to resolve the LEP anomalies. Other non-standard couplings, such 
as to charm quarks, are not necessary although they can improve the fits as we will see 
below. 

Another important point to notice is that it is impossible to distinguish between left- 
and right handed b-couplings, 5g^ and 5g^. This is obvious from looking at figure (1), fol- 
lows from the fact that the two are strongly correlated and can be seen through comparing 
the confidence levels of the two individual fits in table III (being 15% and 19% for Sg'l and 
Sg'^ respectively). 

The third, and probably most important point is, as has been mentioned earlier, that 
these fits point to low values of the strong coupling constant as, well in agreement with 
low-energy determinations (see eq. (6)). By adding one parameter {e.g. 5g\^ one can thus 
resolve two discrepancies, namely i?5 and the difference in determinations of ag. How 
strong these two discrepancies are linked can also be seen from the fact that, when fixing 
as to the SM fit value (0.123) the fit C.L. drops to 2.8%. Including a^^ as given in eq. (6) 
on the other hand, doesn't change the fit C.L. very much (14%) but increases the deviation 

the assumption that the underlying theory is correct, the CL gives the probability that if one were to redo 
all the experiments completely with the same analysis one would get a worse fit (i.e. a larger x^/d.o.f.). 
A low CL therefore argues against the assumption that the underlying theory is a correct description of 
nature. 
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in the b-couplings from 3.2a" to 3.8a". This is due to the smaller error bars of ag compared 
to table III. 

• (3) Other non-standard couplings: Assuming the new physics to show up in other than 
the b-couplings does not work, making nonstandard b-couplings not only sufficient, but 
also necessary, within the current framework, to explain the LEP anomalies. Fit confidence 
levels are e.g. 1.2% for an oblique fit {S,T), 0.4% for tau-couplings (Sgl j^), etc., the list 
could be continued. All these parameters are unable to explain the Ri anomaly. 

It is amusing to notice that the combination Sg*^ , Sg% could explain both Rc and Ri, 
where it not for an unacceptably large value of the strong coupling constant, which would 
be required to be some 4.4o" away from the value quoted in eq. (6). This is because the 
absolute value of the deviation of Rc is much larger than in i?^, hence explaining Rc reduces 
Fhad enough to account for Rb as well. Unfortunately one then has to repair the damage 
done to the leptonic branching ratios by increasing Og to ridiculous values. Upon including 
a^^ of eq. (6) in the fit the C.L. drops to 0.2%, excluding the new physics to be exclusively 
in the c-couplings. 

• (4) Combining Sg'l j^ with other new physics parameters: Once it has become clear that 
b-couplings are both necessary and sufficient to explain the LEP anomalies one can go one 
step further and see what kind of constraints can be found for other new physics parameters. 
The results of these fits are summarized in tables IV through X and figures (2) and (3). 

Since many models that yield radiative corrections to the ZU) vertex also contribute 
through extra gauge-boson self-energies to the oblique parameters we give in table IV and 
in figure (2) the results of an oblique fit. It is mainly the difference between LEP and SLC 
asymmetry measurements that drives S in the negative direction. 

It is not surprising that by adding non-standard charm couplings to 5g\^ ^ explains 
both, the Rb and Rc anomalies. In fact the new fit values of these observables are now 
shifted to coincide with their experimental values. Consequently the fit has an excellent 
confidence level of 37%. It is displayed in table V and figure (3). Notice that the c- 
couplings are only weekly correlated in this fit (0.09) putting the deviation entirely into 
Sgl- However, again, since the absolute deviation of Rc is larger than the one of the 
hadronic width Fhad is reduced in this scheme, lowering the leptonic branching ratios i?/.^ 
Correcting for that requires a value for as (= 0.18 ± 0.035) which lies some 1.9a" above 
low-energy determinations. Including a^^ from eq. (6) in the fit not only reduces the CL 
to 19%, ie. comparable to the b-coupling fits of table III, but also is unable to explain Rc 

The reduced total hadronic width also increases i?5 which is reflected in the fact that in this fit the 
charm and not the bottom couplings display the strongest deviation from zero. 
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(it merely reduces the pull of this observable from —2.5 to —1.9). In this case the two 
non-standard c-couplings become also become strongly correlated. 

Luckily there is a loophole in the above reasoning. Since both dg^ ^ and dg^ ^ can 
compensate Rt and Rc for any shift Fhad might recieve from elsewhere, one is not fixed to 
invoking only as to correct the Icptonic branching ratios^ . Non-standard contributions to 
the light quark couplings for example could reduce Fhad such as to reconcile Ri with their 
SM values. First generation quark couplings are constrained by low-energy neutral current 
observables (displayed in table I) as is shown in a corresponding fit in table VIII. They 
would therefore have to be modified simultaneously to adjust Fhad in the desired way. A 
more viable option is non-standard strange quark couplings. The result of a series of fits 
for a set of different fiducial values for ag is shown in table VI. Of course this argument can 
be turned around, if one where to ignore low-energy determinations ofag, in the sense that 
the pure b-coupling fits shown in table III can be reconciled with a high value of the strong 
coupling constant, such as favoured by GUT's, upon including new physics contributions 
to strange quarks {5s). A corresponding fit, with ctg fixed to 0.123 for example, yields 
6s = -0.00200 ± 0.00077 and has a confidence level of 16%. 

It is also interesting to see what happens when one allows the quark couplings to 
change in an universal way. Such a situation can arise e.g. in models with and extra Z' 
gauge boson. We are then led to constrain the quark couplings in the foUwing way: 

5uL = 5gl = Sgl 

SdL = Sgi = 6gl = 6gl 

and similarily for the right-handed couplings. Such a fit has a very good confidence level 
since the light quark couplings, all receiving corrections simultaneously, can do the job 5s 
did above in compensating the damage done by Rc to Fhad- The results of a fit floating all 
four degrees of freedom {5ul,r, SdL,R) is shown in table VII. Notice that varying only two of 
the above parameters (such as e.g. only corrections to the left-handed couplings 5uL,5di) 
doesn't work, with the exception of the combination {SuR,SdL), because then the low- 
energy observables usually forbid corrections as large as needed to explain Rb and Rc (in 
the case of e.g. only left-handed couplings it is Qw{Gs) that 'counteracts' Rh and Rc). If on 
the other hand one were to impose the additional constraint that corrections to the up-type 
couplings equal those to down- type couplings, i.e. Sl = Sul = SdL and Sr = Sur = SdR, 
the data can be explained. A corresponding fit yields 6l = —0.00414 ± 0.00087 and 
Sr = 0.0073 ± 0.0023 with a correlation of —0.5 and a confidence level of 62%. In this case 

^ This is contrary to the case of the c-coupUng only fit. 
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Rb would be la above and Rc 1.5a below the experimental values. Interpreted in terms 
of an extra gauge boson that couples equally to all up- and down-type quarks these values 
favour an axial coupling. A purely vectorial coupling on the other hand (where 5l = 5r) 
could not explain the data. 

To complete the analysis we also give the results for fits to first, second and third 
generation couplings. They are displayed in tables VIII through X respectively. In the 
first two cases dg^^ was also allowed to vary in order to get a reasonable fit confidence level. 
In the fit to the first generation couplings, the low-energy observables shown in table I 
have been used and a fiducial value for ct^ of 0.112 has been applied. These tables serve 
mainly to give limits on new physics parameters other than the ones discussed earlier on 
in this letter. 

• (5) Sensitivity to the top mass: The various new physics fits that float mt all yield values 
which are in the region of the top mass found in the SM fit of table II (for a Higgs mass 
of 300 GeV). The top mass is therefore not very sensitive to the new physics scenarios 
considered here and allowing it to vary does not improve the fits significantly. Also the top 
masses obtained in the different scenarios are compatible with direct determinations from 
CDF and DO [9] . Notice that the top mass is in some fits only weakly constrained because 
the chosen new physics parameters can affect the observables that are most sensitive to 
the top. This is for instance the case in a fit where m,t is floated simultaneously with 
T and 5g\ which can compensate for the dominant (oc m^) radiative corrections to the 
observables. In flts like this mt has therefore been fixed to a flducial value^ . 

5. Conclusions 

We have analyzed Z°-pole and low energy neutral current measurements for signals of 
new physics. We were able to do so in a very general and model independent way by using 
an effective lagrangian which serves to parametrize indirect contributions of new physics 
to e.g. Z°-fermion couplings or gauge boson self energies. The following points concisely 
summarize our results: 

* Non-standard contributions to the Z'^bb couplings (5(7^ ^) are both necessary and 
sufficient to explain the data and in particular the Rh anomaly. 

* It is not possible to decide whether the new physcis contributes to the left- or to the 
right-handed Z^hh coupling. 



The same observation holds for fits in which a.s{Mz) has been fixed to fiducial values. 
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* Allowing for 5(7^^ alone points to a low value for the strong coupling constant, well 
in agreement with low energy determinations. 

* The best fit invokes non-standard bottom as well as charm couplings. It explains 
both the Rb and the Rc anomalies. It yields however a value for as that is about two 
standard deviations above low-energy determinations (ct^^). 

* The same fit, when including a^^, does not explain the Rc deviation. 

* It is possible to reconcile Rb, Rc and a^^ by including non-standard contributions to 
strange quark as well as to bottom and charm quark couplings. Or by allowing for 
universal corrections to all up and to all down type quark couplings such as can occur 
in models with an extra Z' gauge boson. 

* There is no conclusive evidence for the new physcis to contribute to Z°-couplings 
other than the ones to bottom quarks (Sg'l j^). 
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Quantity 


Experimental Value 


Standard Model Fit 


Pull 


(GeV) 
(GeV) 
(nb) 

Re = Thad/re 
-K^ — J- had/ J- /u 
-Rt = Thad/rr 


91.1885 ±0.0022 
2.4963 ± 0.0032 
41.488 ± 0.078 
20.797 ±0.058 
20.796 ± 0.043 
20.813 ±0.061 
0.0157 ±0.0028 


input 
2.4973 
41.45 
20.773 
20.773 
20.821 
0.0159 


-0.3 
0.5 
0.4 
0.5 
-0.1 
-0.1 


AIM 


0.0163 ±0.0016 


0.0159 


0.3 




0.0206 ±0.0023 


0.0159 


2.0 


AJPr) 


0.1418 ±0.0075 


0.1455 


-0.5 


AeiPr) 


0.139 ± 0.0089 


0.1455 


-0.7 


±\,h —— L h 1 L Vi orl 

''0 0/ nau 
-Rc = Tc/Fhad 

>4° I'M 


0.2219 ± 0.0017 
0.154 ±0.0074 
n nQQ7_|_ n nnoi 


0.2156 
0.1724 


3.7 
-2.5 
—0 7 




0.0729 ± 0.0058 


0.0728 


0.0 


4" 


0.1551 ±0.0040 


0.1455 


2.4 


Qm/ (Cs) 
9a {^-^) 
9v (^-e) 


-71.04 ± 1.81 
-0.503 ±0.017 
-0.035 ±0.017 
-0.47 ±0.13 


-72.88 
-0.507 
-0.037 
-0.361 


1.0 
0.2 
0.1 
-0.8 


C2„-|C2d (^D) 

-N) 


0.33 ±0.62 
0.3003 ±0.0039 


-0.039 
0.3021 


0.6 
-0.5 


^1 -N) 


0.0323 ±0.0033 


0.0302 


0.6 


a{Mz) 
sin^ 6'i4/(Gf) 
MHiggs (GeV) 


1/128.896 
0.2311 
300 


input 
input 
fiducial 





TABLE I: Observables 

The experimental values for neutral current observables considered in the present analysis. The column 
labelled 'Pull' gives the difference between the experimental and the SM fit value of an observable in units 
of a standard deviation. The upper section of the table lists the various Z"-pole observables, whereas the 
ones in the second section stem from low energy experiments, such as atomic parity violation and scattering 
experiments. At the bottom of the table one finds the values we use for the various input quantities. The 
Fermi coupling Gp, advertised as an input in the text, is represented here by sin^ 9w, obtained from Gp, 
a and Mz- The Standard Model Fit values in the third column are given here for a top mass of mt=180 
GeV and a strong coupling constant (M^)=0.123. 
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Parameter 


Fit Value 




0.123 ±0.004 


mt{GeV) 


181 ±6 


Xmin/d-o.f. 


27.2/13 (1.2% C.L.) 


TABLE II: Standard Model 



The SM parameters (oisiMz) and mt) as determined by fitting to the Z°-pole observables of Table I. 
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Parameter 


Global Fit 


Individual Fit 


Individual Fit 




-0.0029 ± 0.0037 


(0.8) -0.0067 ±0.0021 (3.2; 


) 




0.022 ±0.018 


(1.2) 


0.034 ±0.010 (3.3) 




-0.0066 ± 0.0021 


(3.2) 




0.1675^^ + 0.9865^^ 


0.022 ±0.019 


(1.2) 




mt (GeV) 


0.101 ± 0.007 

188 ±7 


0.103 ± 0.007 

185 ±6 


0.103 ± 0.007 
190 ±6 


/d o f 

A /U.U.i. 


15 5/11 ('16% G L 


17 0/12 ('15% G L 


16 1/12 ('19% G L "1 


Observable 


Experimental Value 


New Fit Value 


New Pull 


^? (nb) 

tie 


2.4963 ± 0.0032 

41.488 ±0.078 

on 7Q7 -1- n nK;s 

20.796 ±0.043 
20.813 ±0.061 
0.0157 ±0.0028 


2.4992 
41.461 

ZU. ( Do 

20.763 
20.811 
0.0165 


-0.9 

0.3 

n R 

U.D 

0.8 
0.0 
-0.3 


AIM 


0.0163 ±0.0016 


0.0165 


-0.1 


AlAr) 


0.0206 ± 0.0023 


0.0165 


1.8 


AriPr) 


0.1418 ± 0.0075 


0.1481 


-0.8 


AeiPr) 


0.139 ±0.0089 


0.1481 


-1.0 


Rb 

Rc 
Al,{b) 


0.2219 ±0.0017 
0.154 ±0.0074 
0.0997 ±0.0031 


0.2207 
0.1713 
0.1005 


0.7 
-2.3 
-0.2 


Al.ic) 


0.0729 ± 0.0058 


0.0747 


-0.3 


A^n 


0.1551 ± 0.0040 


0.1481 


1.7 



TABLE III: Bottom Couplings 



The upper half of this table shows the results of fits for non-standard b-couplings. The global fit, where 
both (5g^ and (5g^ are allowed to vary, is shown as well as the two individual fits. Numbers in brackets 
display the pulls. For the global fit the optimal combination of the b-couplings which diagonalizes the 
variance matrix is also given as well as their fit values and pulls. In lower half of the table finally it is shown 
how fit predictions for Z°-pole observables change in the global fit. This fit is also shown in figure (1). 
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Parameter 


Fit Value 


Pull 




-0.0011 ± 0.0040 


0.3 




-0.030 ±0.019 


1.6 


s 


-0.25 ±0.19 


1.4 


T 


-0.12 ±0.21 


0.6 


0.66;5 + 0.75T 


-0.25 ±0.27 


0.9 


0.985gl - O.lSSg''^ 


-0.0064 ± 0.0020 


3.1 


0.755 -0.65T-0.135£?| 


-0.114 ±0.074 


1.5 


O.lSSgl + 0.985^^ + 0.115 - 0.08T 


0.011 ±0.017 


0.7 




0.103 ±0.008 




mt(GeV) 


180 (fiducial) 




Xmin/d-O.f. 


13.7/10 (19% C.L.) 





TABLE IV: Oblique Parameters and Bottom Couplings 

This fit shows the results of a oblique fit which also allows for new physics contributions to the Zhb 
couplings. As can be seen from the optimal linear combinations of the four parameters the two sets, {S,T) 
and (Sg'l jj), are only weakly correlated. The result of this fit, projected to the (S,T)- and (<5g^ ^)-planes 
is shown in figure (2). Here a fiducial value for the top mass has been applied because it cannot be 
constrained simultaneously with the T parameter and non-standard b-couplings. 
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Parameter 



Fit Value 



Pull 









0.0003 ± 0.0040 


0.1 








0.015 ±0.019 


0.8 




Sgl 




-0.022 ±0.010 


2.2 




Sgl 




0.009 ±0.014 


0.7 


0.13501 + 0. 




- 0.325^^ 


0.011 ±0.020 


0.6 


0.976gl - 0, 


.175^7^ + 0.1755^ 


- 0.075(7^ 


-0.0067 ±0.0020 


3.3 


o.mgl + 0. 


,055£^^ - O.mgl + 0.mg% 


0.024 ±0.010 


2.4 


omsgl + 0. 


.mgi + Q.2Q5gl 


- omdgi 


0.0087 ±0.0131 


0.7 




Ois{Mz) 




0.180 ±0.035 






mt (GeV) 




189 ±7 










9.8/9 (37% C.L.) 





Observable 


Experimental Value 


New Fit Value 


New Pull 


(GeV) 
(nb) 

Re 

Rfj. 

R-r 


2.4963 ± 0.0032 
41.488 ±0.078 

20.797 ±0.058 
20.796 ± 0.043 
20.813 ±0.061 
0.0157 ±0.0028 


2.4993 
41.462 

20.762 
20.762 
20.810 
0.0165 


-0.9 
0.3 

0.6 
0.8 
0.0 
-0.3 


AIM 


0.0163 ±0.0016 


0.0165 


-0.2 


AUr) 


0.0206 ± 0.0023 


0.0165 


1.8 


AriPr) 


0.1418 ±0.0075 


0.1484 


-0.9 


AeiPr) 


0.139 ±0.0089 


0.1484 


-1.1 


Rb 

Rc 
Alsib) 


0.2219 ±0.0017 
0.154 ± 0.0074 
0.0997 ±0.0031 


0.2219 
0.1540 
0.0997 


0.0 
0.0 
0.0 


AUc) 


0.0729 ± 0.0058 


0.0729 


0.0 


A^LR 


0.1551 ± 0.0040 


0.1484 


1.7 



TABLE V: Bottom and Charm Couplings 

The result of a fit where both Sg'l ^ and Sg'i ^ are ahGwed to vary. The lower half of the table shows how 
the fit values of the observables change in this case. Notice the very high, although weekly determined, 
value of the strong coupling constant. Notice also that Sg'i and <5g^ are only weekly correlated, so that the 
deviation is in the left handed c-coupling only. A fit similar to this one, but with and (5g|j constrained 
to zero is shown in figure (3). 
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Parameter as{Mz) = 0.110 as{Mz)=0.120 as{Mz) = 0.130 



6gl -0.0070 ±0.0017 (4.2) -0.0063 ± 0.0017 (3.7) -0.0056 ± 0.0017 (3.3) 

6gl -0.0187 ±0.0085 (2.2) -0.0193 ± 0.0085 (2.3) -0.0200 ± 0.0085 (2.4) 

Ss 0.0054 ±0.0028 (1.9) 0.0045 ± 0.0028 (1.6) 0.0036 ± 0.0028 (1.3) 

Pi -0.0057 ±0.0017 (3.3) -0.0054 ± 0.0017 (3.1) -0.0050 ± 0.0017 (2.9) 

P2 -0.00154 ± 0.00043(3.6)-0.00031 ± 0.00043(0.7) 0.00091 ± 0.00043 (2.1) 

P3 -0.0198 ±0.0089 (2.2) -0.0201 ± 0.0089 (2.3) -0.0204 ± 0.0089 (2.3) 

xVd.o.f. 12.7/12 (39% C.L.) 12.6/12 (40% C.L.) 12.6/12 (40% C.L.) 



Pi = 0.936gl + 0M6gl + 0M6gl 
P2 = OMSg'l - O.SOSgl - 0.885gl 
P3 = O.OGSgl + 0.95Sgl - 0.305g'^ 



TABLE VI: Bottom, Charm and Strange Couplings 

New physics contributions to Zss can serve to increase Thad in fits where non standard charm and bottom 
coupUngs resolve the Rb and Rc discrepancies. The strong coupling constant as is no longer strongly 
constrained by such fits and can therefore take on values that are consistent with low-energy determinations. 
This fit illustrates this point by varying as in different fits for Sg'l^,dg'i and Ss (defined in equation (4)). 
Here a fiducial value for the top mass, mt=180 GeV, has been employed. 
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1 f -yt ->~v~\ /^T" /^T* 




r It V diue 




Pull 




5u T 




-0.0080 ± 0.0032 




2.5 




Sur 




0.0055 ±0.0051 




1.1 




SdL 




-0.0049 ± 0.0017 




2.9 








0.0115 ±0.0059 




1.9 


0.326ul 


+ 0.565UR - O.UdL 


- 0.76oaii 


—0.0077 ± 0.0074 




1.0 


O.TSSul 


+ 0.285UR + OAlSdL 


+ 0.475dfl 


-0.0010 ±0.0022 




0.4 


OAGSuL 


- 0.21SUR - 0.855dL 


+ 0.155di? 


0.00107 ±0.00033 




3.3 




— (jJoour + \J.32oaL 
xVd.o.f. 


— \}A6oaR 


—0.0137 ± 0.0038 
15.8/18 (61% C.L.) 




3.6 








LL/jLy iiilt^il I di V di 


iM c W r L[j V di 


KTow Pill 




(GeV) 




2.4963 ± 0.0032 


2.4974 


-0.4 




(j^ (nb) 




/II /loo 1 r\ r\^o 

41.488 ± 0.078 


yi 1 /I /I r\ 

41.449 


0.5 




i?e 




20 797 ± 058 


20 775 


4 




R-j- 




20.796 ± 0.043 


20.775 


0.5 






20.813 ±0.061 


20.823 


-0.2 








U.UiO ± U.UU/O 


L).L)io9 


-U.i 




AIM 




0.0163 ±0.0016 


0.0159 


0.3 








0.0206 ±0.0023 


0.0159 


2.0 




Ar{Pr) 




0.1418 ±0.0075 


0.1455 


-0.5 




Ae{Pr) 




0.139 ±0.0089 


0.1455 


-0.7 




Rb 




0.2219 ±0.0017 


0.2218 


0.1 




Rc 




0.154 ±0.0074 


0.1632 


-1.2 




Alsib) 




0.0997 ±0.0031 


0.1004 


-0.2 




Alsic) 




0.0729 ± 0.0058 


0.0738 


-0.2 








0.1551 ± 0.0040 


0.1455 


2.4 




Qw (Cs) 




-71.04 ± 1.81 


-71.03 


0.0 




9a ('^-e) 




-0.503 ±0.017 


-0.507 


0.2 




9v i^-^) 
Ciu-\Cxd (e-D) 




-0.035 ±0.017 


-0.037 


0.1 






-0.47 ±0.13 


-0.355 


-0.9 




C2u-\C2d (e-D) 
9l iy -N) 




0.33 ±0.62 


-0.039 


0.6 






0.3003 ±0.0039 


0.3021 


-0.5 




9l iy -N) 




0.0323 ±0.0033 


0.0303 


0.6 



TABLE VII: Universal Corrections to Up and Down Type Quark Couplings 

A fit done to see the effect of universal corrections to up and down type quark couplings as defined in 
eq. (7). Since is only very weakly determined in such a fit it has been fixed to a fiducial value of 
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as=0.112. Similarily the top mass has been set to mt=180 GeV. Notice that one needs both, corrections 
to up and down type as well as to left- and right-handed couplings to satisfy constraints set by low-energy 
observables. Notice also that the confidence level of this fit does not compare directly to those in other 
fits because here the low-energy observables, listed in table I, have also been taken into account. 



21 



Parameter Fit Value Pull Combination Fit value Pull 





-0.0059 ±0.0016 


3.6 


5gl 


-0.00068 ± 0.00067 


1.0 


Sg% 


-0.00059 ± 0.00057 


1.0 


8gl 


0.065 ±0.051 


1.3 


5gl 


-0.041 ± 0.034 


1.2 


5gi 


0.056 ± 0.043 


1.3 


Sgi 


-0.073 ± 0.060 


1.2 




0.00065 ±0.00133 


0.5 


as 


0.112 




mt 


180 




xVd.o.f. 


16.6/14 (28% C.L.) 





Pi 


0.119 ±0.095 


1.2 




-0.0010 ±0.0079 


0.1 


Pz 


0.0009 ± 0.0024 


0.4 


Pa 


0.0046 ± 0.0020 


2.3 


P5 


-0.0040 ±0.0017 


2.3 


Pe 


0.00169 ± 0.00066 


2.6 


P7 


0.00039 ± 0.00027 


1.4 


Ps 


-0.00074 ±0.00041 


1.8 


fiducial^ 






fiducial) 







Pi = 0.5A6g'^- 0.306g'^ + 0A56gi- 0.626g'^ 

P2 = 0.12Sg'^ + 0.785g'^-0.29Sgi-0.545gi 

P3 = O.lSSgi - OmSgl - O.OSSgl + 0.7lSg^ + OMSg^ + OASSgf + 0.55Sg'^ + 0.13ALE 

P4 = -0.58Sgl + 0.1l6gl + 0.07Sg% - 0.206g'^ + O.SbSg"^ + O.GbSgf + 0.10(5^ - 0.24AL^ 

P5 - OmSgl + 0.3l5gl + 0.2l5g% - 0.085g^ + 0m5g^ + 0.16(5^?^ - 0.68AL'^ 

Pe = -0.505gl + 0.155gl + OAUgl + 0.375g^ - 0.185gl - 0A75g'^ + 0.085gi - OAlA^^ 

P7 = -0.115gl+0.74:5gl-0.655g''^ + 0m5g^ -0M5g'^ -0.11Sg'^ + 0m5gi 

Pg = OmSgl + 0.56Sgl + 0.6lSg% - 0.075^^ ± O-OSSg"^ + 0.086gi - OMSg'^ + 0.55A^^ 



TABLE VIII: First Generation Couplings 

In order to constrain non-standard contributions to first generation couplings, the observables from low 
energy neutral current experiments shown in the second half of table I have been included in this fit. 
Because of this the confidence level of this fit compares not directly with the ones in other tables. Also 
both, the top mass and have been fixed to fiducial values. Notice that the three optimal combinations 
that deviate the most, P4 to Pe, all receive large contributions from Sg'^. 
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Parameter 


Fit Value 


Pull 


Combination 


Fit value 


Pull 




-0.0070 ±0.0017 


4.1 


Pi 


-0.003 ±0.013 


0.2 


5gl 


-0.0171 ± 0.0089 


1.9 




0.0202 ± 0.0087 


2.3 


5gl 


0.009 ±0.013 


0.7 


Pz 


0.0056 ± 0.0017 


3.3 


Sgt 


0.0000 ±0.0017 


0.0 


Pa 


-0.00072 ± 0.00055 


1.3 


Sg'n 


-0.0004 ± 0.0020 


0.2 


P5 


0.00092 ± 0.00033 


2.8 




0.0057 ± 0.0030 


1.9 


Pe 


-0.0003 ± 0.0025 


2.5 


as 


0.112 




ffiducial^ 






mt 


180 




(fiducial) 






xVd.o.f. 


11.9/9 (22% C.L.) 











Pi = 0.0lSgl-0.33Sgl-0M6g''^-0.0S6s 

P2 = -0.06Sgl-0.89Sgl + 0.3l5g% + 0.335s 

Ps = -0MSgl-0.055gl + 0.025g%-0.35Ss 

P4 = 0.275gl-0.2ASgl + 0.1l5g''^ + 0A75gi -OAOSg^- 0.705s 

P5 = -0.225gl + 0.mgl- 0.085g% + 0.60Sg^-0.5l5g^ + 0.5ASs 

Pe = 0.655g^ + 0.765g^ 



TABLE IX: Second Generation Couplings 

This fit is not very diflferent from the one shown in table VI. In addition to the couplings floated there 
it also allows for non-standard Z°)j,fi couplings. As can be seen above these agree almost perfectly with 
zero. 
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Parameter 



Fit Value Pull 



Sgl -0.0029 ±0.0037 0.8 

Sg''^ 0.023 ±0.019 1.2 

5gl 0.00018 ±0.00100 0.2 

5gl 0.00017 ±0.00106 0.2 

0.1665gl + 0.9865gl 0.022 ±0.019 1.2 

0.984:5g'l - 0.1655gl - 0M75gl - OMUgl -0.0066 ± 0.0021 3.2 

-OmSgl + 0.025gi - 0.675gl - 0.745^^ 0.0004 ± 0.0013 0.3 

0.745gl - 0.675g^ -0.00009 ± 0.00056 0.2 

as 0.101 ±0.008 

mt 189 ± 7 

xVd.o.f. 15.4/9 (8% C.L.) 



TABLE X: Third Generation Couplings 

A fit to the third generation couplings. Notice that the Zrf, in agreeing very well with zero, do not help 
much to resolve any of the discrepancies observed in ^^b(t) and other observables, resulting in a low 
confidence level. 
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7. Figure Captions 



(1) A fit of the Zbb couplings dg^^ ^ to Z^-pole data from the 1995 Summer Conferences. 
This figure represents the global fit of table III. The four solid lines respectively denote 
the 1-, 2-, 3- and the 4-sigma error ellipsoids. The SM prediction lies at the origin, 
(0, 0), and is about 3.2cr away from the center of the ellipses. 

(2) The results of the global fit to Sg^ j^, S and T shown in table IV, projected to the 
Sg'l j^-plane (above) and the S, T-plane (below). The upper graph is similar to the one 
in figure (1), whereas in the lower figure only the 1 and 2-sigma error ellipsoids are 
shown. In the latter figure the origin, representing the SM for a fiducial value of the 
top mass of rrit = 180 GeV, lies some 1.5cr from the fit values for S and T. 

(3) The results of a global fit to non-standard left-handed b- and c-couplings similar to the 
one in table V. The four curves again denote the 1-4 sigma error ellipsoids. Although 
having an excellent confidence level this fit smacks of a very high value for the strong 
coupling constant. 



25 




Figure 1 



0.02 




-0.01 -0.005 0.005 0.01 




Figure 3 



